A cDNA clone for a thiol endoproteinase has been isolated from a bovine heart cDNA library by using a mixture of 32 synthetic oligonucleotides as a hybridization probe. The inserted region is 672 base pairs in length. It contains a sequence encoding the C-terminal region of a protein that is homologous to rat liver cathepsins B and H and to plant thiol proteinases. In addition, it contains the sequence of 442 bases corresponding to the 3' untranslated region of the mRNA. The inserted region was used as a specific probe in RNA transfer analysis; the size of the mRNA encoding the thiol endoproteinase is estimated to be approx.
Neurosecretory peptides and polypeptide hormones are synthesized as larger precursors that undergo proteolytic processing during intracellular transport, storage and secretion (Docherty & Steiner, 1982) . The signal sequence is first removed in the rough endoplasmic reticulum (Blobel & Dobberstein, 1975) . Then further processing of the polypeptides that are formed takes place in the Golgi over a period of up to several hours, during which secretory vesicles mature to storage granules. Cleavage of proproteins often takes place at pairs of basic amino acids and may be followed by removal of the C-terminal basic amino acid thus generated, by a carboxypeptidase B-like enzyme (Loh et al., 1984; Mains et al., 1983; Steiner et al., 1984) . The enzyme involved in the first cleavage step is a thiol endoproteinase with a trypsin-like specificity (Docherty et al., 1983) . Thiol endoproteinases with a range of specificities occur in lysosomes (Barrett, 1977) . Cathepsins B, H and L are among the most abundant, and cathepsins T, N, P and S appear to be minor constituents. Sequence analysis has demonstrated that cathepsins B and H are related to each other and to the plant thiol proteases papain and actinidin (Takio et al., 1983) . Cathepsin B and related proteinases have also been detected in insulin secretory granules by covalent affinity labelling . The mature protein (Mr 31500) has a broad specificity (McKay et al., 1983) , but it has Abbreviations used: kb, kilobases; bp, base pairs. * To whom correspondence and reprint requests should be sent.
been suggested that a larger form, also detected in the secretory granules, may have a more restricted specificity favouring sequences of pairs of basic amino acids such as serve as processing signals . Thus, the molecular characterization of these precursor forms of cathepsins is of interest.
We have fortuitously isolated a cDNA clone from a cDNA library made from bovine heart mRNA that we have shown to contain a sequence encoding part of a protein related to the C-terminal region of cathepsins B and H. By hybridization with this clone we have detected a specific mRNA species in bovine mRNA estimated to be 1.7kb in length. This mRNA could encode a protein of Mr 40000. Although this protein is probably not cathepsin B, the availability of the clone now makes it possible to characterize this cathepsin gene fully, and, given the close sequence relationship between cathepsin B and H, could provide the means of characterizing other members of this family also.
Materials and methods

Chemicals and reagents
Nucleotide monomers were purchased from Cruachan Chemicals, Livingstone, Scotland, U.K.; the Klenow fragment of DNA polymerase was from Boehringer, Lewes, Sussex, U.K. and avian myeloblastosis virus reverse transcriptase was from Anglian Biotechnology, Colchester, Essex, U.K.
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Oligonucleotide synthesis A mixed oligonucleotide with the sequence A 3'-ATGGCNATCGARGARCA-5', T corresponding to the protein sequence Met-AlaIle-Glu-Glu-Gln, was synthesized by a solid phase phosphotriester method (Gait et al., 1982) .
cDNA synthesis and cloning Whole RNA was prepared from bovine heart tissue according to Chirgwin et al. (1979) , except that the RNA was pelleted from the guanidinium thiocyanate homogenate through a cushion of 5.7M-CsCl/0.I M-EDTA, pH7.5, at 350OOg for 16h. Poly(A)-containing RNA was selected on a column of oligo(dT)-cellulose by the method of Aviv & Leder (1972 Second strand cDNA was synthesized in a solution of 0.1 M-Hepes (pH6.9)/lOmM-MgCl2/ 2mM-dithiothreitol/0.07M-KCl containing 0.5mM each of the four deoxyribonucleotides and 500 units of the Klenow fragment of DNA polymerase/ ml for 18h at 15°C. Double stranded cDNA was treated with SI nuclease (Vogt, 1973) (20 units/Mg of first strand RNA) and then repaired with Klenow polymerase (Seeburg et al., 1977) . The cDNA was fractionated in a 1.5% HGT agarose gel and collected by trough electroelution to eliminate strands less than 300bp in length . The cDNA was then ligated with pUC8 plasmid DNA (Messing & Vieira, 1982) which had been digested with Smal, and treated with calf intestinal phosphatase (Morton, 1955) . Ligations were used to transform Escherichia coli TG 1, an EcoK restriction-negative derivative of E.-coli JM 101 (Messing, 1979) , by the method of Hanahan (1983) . About 300000 recombinants were recovered and these were amplified by growth for 4.5h in SOB medium (Hanahan, 1983 ) containing 50ug of ampicillin/ml. The cells were recovered by centrifugation (lOOOg, 10min), and resuspended in SOB medium containing 20% (v/v) glycerol and stored at -70°C.
Screening of the cDNA library with oligonucleotides Recombinants were grown on ampicillin plates at 37°C for 10 h and transferred to sterile Whatman 541 paper filters. The filters were processed for hybridization as described by Gergen et al. (1979) . The oligonucleotide probes were labelled using polynucleotide kinase and [y-32P]ATP (specific radioactivity approx. 3000Ci/mmol) and purified by electrophoresis through a 20% polyacrylamide gel containing 6M-urea and 90mM-Tris (pH8.3)/90mM-boric acid/25mM-EDTA. After elution (Maxam & Gilbert, 1980) labelled oligonucleotides were further purified by centrifugation through a Sephadex G-50 column (1 ml). Filters were hybridized with the oligonucleotides under the conditions described by Carroll & Porter (1983) and Bentley & Porter (1984) , except that hybridization was at 38°C and the filters were washed at 450C. Isolation and analysis of hybridizing recombinants Colonies containing plasmids that hybridized with the probe were purified and plasmid DNA was prepared from 1.5ml of stationary phase cultures by the alkaline sodium dodecyl sulphate procedure (Birnboim & Doly, 1979) . The recombinant DNA was released by digestion of the plasmid with Pstl and EcoRI or with BamHl and EcoRI and purified after electrophoresis through a 1%
LGT agarose gel (Sanger et al., 1980 ). The recombinant DNA was then ligated with Ml 3 mp8 and Ml 3 mp9 DNA that had been digested either with BamHl and EcoRI or with Pstl and EcoRI (Messing & Vieira, 1982) . The insert contained two BamHl sites (see Fig. 1 ). DNA sequencing of the resultant Ml 3 clones was carried out by the dideoxy chain termination method (Sanger et al., 1977; Biggin et al., 1983; . Thus, the sequence was completely determined in both orientations of the DNA.
'Northern' blot analysis Samples of poly(A)-containing and total RNA for 'Northern' blot analysis (Thomas, 1980) were reacted at 50°C for 10min in a solution containing 50% dimethyl sulphoxide, lOmM-NaH2PO4, pH 6.9, and 0.13 M-glyoxal. Samples were subject to electrophoresis in a 1.5% agarose gel in 10mM-NaH2PO4, pH6.9, and RNA was then transferred to nitrocellulose filters. The blot was hybridized with a single stranded 'prime cut' probe (Farrell et al., 1983) Two BamHI sites that were useful in the sequence determination are underlined. The boxed sequence is likely to be the signal of addition of poly(A) to the 3' end of the message (Proudfoot & Brownlee, 1976 (Staden, 1982a) and then analysed for various features with ANALYSEQ (Staden, 1984) . Derived protein sequences were compared with the protein dabatase of Doolittle (1981) , using the rapid searching techniques of Wilbur & Lipman (1983) and subsequently, once matches had been detected, with DIAGON (Staden, 1982b) .
Results and discussion Isolation and DNA sequence of cDNA clone
The cDNA library was constructed from bovine heart poly(A)-containing RNA and contained 3 x 105 transformants. The average insert size was 300 bp. The oligonucleotide probe had been designed as a probe for the a-subunit of beef mitochondrial H+-ATPase. This contains the protein sequence Met-Ala-Ile-Glu-Glu-Gln (V. L. J. Tybulewicz & J. E. Walker, unpublished work). Six positively hybridizing clones were identified with the probe.
Sequence of insert
The nucleotide sequences of the inserts were determined by the dideoxy chain termination method (Sanger et al., 1977) as modified by Biggin etal. (1983) . They were translated in all six possible reading frames using an option in ANALYSEQ (Staden, 1984) . The derived protein sequences were screened against the database of Doolittle (1981) and against the protein sequence of the bovine H+-ATPase a-subunit (V. L. J. Tybulewicz & J. E. Walker, unpublished work).
One clone, paCD1, was found to contain a sequence (Fig. 1 ) related to cathepsins B and H, papain and actinidin (Fig. 2) . The remaining five clones are all derived from ferritin mRNA, the hybridizing region being in the 3'-untranslated region (N. J. Gay & J. E. Walker, unpublished work).
The relationships between the thiol endoproteinases, as shown in one case in Fig. 3 , were verified by pairwise comparison with DIAGON. The alignment of the sequence of the paCD1 insert with this family of thiol endoproteinases (Fig. 2) confirms that the clone codes for the C-terminal 73 residues of a protein belonging to this family. It is apparently most closely related to cathepsin B. Of particular significance is the histidine residue at position 9 in the bovine cathepsin. This residue is conserved throughout the thiol endoproteinases (see Fig. 2 ) and is the active site histidine in papain Fig. 2 . Homology between bovine cDNA and rat cathepsins B and H and plant thiol endoproteinases (see Takio et al., 1983) For the sequences of papain see Light et al. (1964) , Husain & Lowe (1969 ) and Mitchel et al. (1970 and for actinidin see Came & Moore (1978) . * denotes the active site histidine in papain. (Drenth et al., 1971) . Another conserved sequence is Asn-Ser-Trp (residues 29-31 in bovine cathepsin). According to the structure of papain, this asparagine is hydrogen bonded to the active site histidine and tryptophan serves to stabilize the bond. The active site cysteine is found at position 25 in papain (Drenth et al., 1971) . The fragment of the bovine cathepsin presented here does not extend to this region.
The derived protein sequence contains the sequence Leu-Ala-Ile-Glu-Glu-Ser encoded by the DNA sequence CTG GCC ATC GAG* GAG-AGC. This matches the mixed probe in 14 consecutive positions (underlined). Under the hybridization conditions employed, the duplex would have a melting temperature of 46°C.
The rest of the sequence is made up of the 3' untranslated region of the mRNA. Near base 650 is found the sequence AATAAA (boxed in Fig. 1 ). This corresponds to the RNA sequence UUAUUU, the signal for poly(A) addition (Proudfoot & Brownlee, 1976 ). This sequence is followed 17 bases later by A6, presumably the start of the 3' poly(A) tail itself. Size oJ mRNA This was determined by 'Northern' hybridization as shown in Fig. 4 and is estimated to be about 1.7kb. Taking into account the 451 bases of 3' untranslated region this mRNA could potentially encode a protein with an Mr of 35000-40000, depending upon the size of the 5' untranslated region.
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Further information concerning the identity of the mRNA and the protein should be obtained from the complete sequence of the gene. However, at this point it seems unlikely that the cDNA codes for cathepsin B as the N-terminal sequences in the rat and cow enzymes are very similar (Pohl et al., 1982) .
